Abstract The free radical 4-benzoyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4B-TEMPO) is active as an electrocatalyst for primary alcohol oxidations when immobilised at an electrode surface and immersed into an aqueous carbonate buffer solution. In order to improve the catalytic process, a composite film electrode is developed based on (i) carbon microparticles of 2-12 μm diameter to enhance charge transport and (ii) a polymer of intrinsic microporosity (here PIM-EA-TB with a BET surface area of 1027 m 2 g −1
Introduction
Green catalytic and electrocatalytic processes are of considerable interest for sustainable chemical processes [1] . Controlling molecular electrocatalyst reactivity within a microporous host environment (here the host is a highly rigid polymer of intrinsic microporosity, PIM [2] ) offers opportunities for (i) improved selectivity due to host-substrate interactions, (ii) increased reactivity due to modified catalystsubstrate interaction and (iii) control over catalyst density and co-catalyst effects. Electrocatalysis in conventional nonrigid polymer films has been well studied [3, 4] but is mechanistically complex with many kinetic sub-cases depending on (i) the transport of reactants and products, (ii) the control of pH, (iii) the transport of charge via coupled electron hopping with concomitant ion diffusion, (iv) the chemical rate constants and (v) additional partitioning effects between the bulk reagent phase and the electrocatalytic layer or film. Here the case of a PIM [2] acting as a highly rigid host environment for the electrocatalytically active free radical 4-hydroxy-2,2,6, 6-tetramethylpiperidine-1-oxyl benzoate (4-benzoyloxy-TEMPO) is investigated more closely.
The free radical 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) is commonly used as a stable redox catalyst that mediates alcohol hydroxyl group oxidation to aldehydes and in some cases to carboxylic acids [5, 6] . Hydroxyl group oxidation is a fundamentally important reaction with a broad range of applications in synthetic bio-transformations [7] [8] [9] and radical initiated polymerisation reactions [10] , in sensors [11] and in complex catalyst systems for biofuel cells [12] . It is of interest to develop modified substrates with TEMPO Electronic supplementary material The online version of this article (doi:10.1007/s12678-015-0284-8) contains supplementary material, which is available to authorized users. permanently immobilised [13] . TEMPO is activated by undergoing a one-electron oxidation to TEMPO + . This process can be initiated either by sacrificial chemical oxidants [14] or by an applied electrochemical potential [15, 16] . The TEMPOcatalysed oxidation of primary alcohol groups proceeds via overall two-electron oxidation of the alcohol requiring two equivalents of TEMPO + . Most studies have reported that TEMPO exhibits good selectivity towards primary alcohol oxidations in alkaline conditions (to aldehydes or to carboxylates [17, 18] ), but there are also more complex examples of secondary alcohols being oxidised to ketones [19] and examples of novel multi-catalyst multi-step oxidations [12] .
In terms of the catalytic mechanism, there is good evidence for the key reaction step involving the transfer of hydride (= two electrons) from the primary alcohol to TEMPO + . For example, it has been reported that adding a stoichiometric amount of chemical oxidant to TEMPO in the presence of an excess amount of alcohol results in a complete conversion to TEMPOH (the two-electron reduced form of TEMPO + ) and the aldehyde [20] . This indicates that under the right conditions, one molecule of TEMPO + can oxidise one molecule of alcohol directly to the aldehyde. In the corresponding electrochemical mechanism, TEMPO regeneration occurs with a comproportionation reaction with TEMPO + and TEMPOH quickly forming two molecules of TEMPO (see Fig. 1 ). The rate of comproportionation is reported to be relatively rapid in alkaline conditions [21] .
The immobilisation of TEMPO catalysts on the electrode surface is of considerable interest [22] , and porous polymer substrates can be practical and versatile catalyst hosts. PIMs [23, 24] provide a new generation of highly rigid microporous materials with (i) excellent processability, (ii) highly rigid pore structures in which guest catalyst molecules can be readily embedded, (iii) good access of solvent and substrate to the catalyst through rigid pores and (iv) robustness towards corrosion. In our previous work, the poly-amine structure PIM-EA-TB [25] (synthesised based on a Tröger's base reaction [26] [27] [28] ) has been employed to electrochemically grow palladium lamellae [29] , to act as a host for molecular Fe(II)-porphyrinato electrocatalyst [30] and to protect gold nanoparticles [31] and fuel cell catalysts [32] . Recently, we have demonstrated proof of concept for the immobilisation of the molecular electrocatalyst 4-benzoyloxy-TEMPO (or 4B-TEMPO) into a porous PIM-EA-TB host film for the electrocatalytic oxidation of saccharides [33] . Major limitations in this electrocatalytic process were observed due to low overall currents caused by a thick polymer film and a limited reactive interface. Therefore, in this study (i) a three-dimensional electrocatalyst film based on carbon microspheres is developed to increase the reactive interface, (ii) the film thickness and catalyst loading are investigated as process optimisation parameters and (iii) substrate concentration and chemical properties are considered as parameters in the overall reaction scheme. It is shown that a wide range of primary alcohols are electrocatalytically oxidised in aqueous carbonate buffer at pH 10.3. As a new feature, the partitioning (accumulation) of more hydrophobic substrates into the PIM-EA-TB host film is identified as a key step in enhancing the heterogeneous electrocatalytic oxidation process. In order to dissect molecular electronic versus host-partitioning effects, an approximate density functional theory (DFT) model of the reaction is proposed.
Experimental Details
Chemical Reagents 4-Benzoyloxy-TEMPO, perchloric acid, dimethylformamide (DMF), sodium hydroxide, sodium bicarbonate, D-(+)glucose, sorbitol, methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, 1-hexanol, benzyl alcohol, 3-pyridinemethanol, 4- pyridinemethanol, 1,3-propanediol, 1,4-benzenedimethanol and glassy carbon microsphere (2-12 μm diameter) were purchased from Sigma-Aldrich, TCI Chemicals or Fisher Scientific and used without further purification. PIM-EA-TB was prepared following a literature protocol [25] . Solutions were prepared with filtered and deionised water of resistivity 18 MΩ cm at 22°C from a Thermo Scientific water purification system.
Instrumentation
A potentiostat system (Metrohm micro-Autolab II) was employed with a conventional three-electrode cell configuration: a Pt wire as counter electrode, a KCl-saturated calomel electrode (SCE, Radiometer, Copenhagen) as reference and a glassy carbon electrode (BAS) with a diameter of 3 mm as the working electrode.
Electrode Preparation
PIM-EA-TB was dissolved in DMF acidified with perchloric acid (ca. 0.5 % by volume) to make up a stock solution with a concentration of 30 mg cm ) prior to voltammetric measurements were necessary to generate reproducible redox peaks.
Density Functional Theory Calculation of Kinetic Barriers
The reaction between oxidised 4B-TEMPO + cation, NaCO 3 − anion and various primary alcohols was examined using DFT calculations. Calculations were performed with Gaussian09 suites of code [34] and protocol rB3LYP/6-311++G(d,p)/ SCRF=(cpcm,solvent=water)/temperature=298.15 (see Supporting Information for full computational details). The nature of all the stationary points as minima or transition states was verified by calculations of the vibrational frequency spectrum. All transition states were characterised by normal coordinate analysis revealing precisely one imaginary mode corresponding to the intended reaction. As expected, the oxidation of alcohols to aldehydes by 4B-TEMPO + is highly thermodynamically favoured (by ≤−200 kJ mol −1 , see Table S1 in Supporting Information). Calculations also revealed the key hydride transfer step to occur via a cyclic transition state, with an activation barrier low enough for the reaction to happen readily at room temperature. Table 1 shows the calculated free enthalpy barriers of this transition state for a Figure 3 illustrates the proposed reaction mechanism. A two-electron transfer occurs formally as hydride transfer from the primary alcohol to the TEMPO + oxygen. A summary of the calculated kinetic transition state barriers in kilojoules per mole is given in Table 1 . For molecules with multiple primary alcohol moieties, only one calculation was performed. Additionally, octanol-water-partitioning constant data (logP OW ) are included in this table in order to interpret and compare with experimental kinetic data (vide infra).
Results and Discussion
Reactivity of 4B-TEMPO Embedded in PIM-EA-TB/Carbon Microsphere Films I.: Charge Transport
The effect of glassy carbon microparticles of nominal 2 to 12 μm diameter on the electrochemical reactivity of 4B-TEMPO immobilised at a 3-mm-diameter glassy carbon electrode is dramatic. Figure 4a shows cyclic voltammetry data for 4B-TEMPO deposited on its own, when embedded into PIM-EA-TB and when embedded into PIM-EA-TB with glassy carbon microparticles. The current increased by an order of magnitude with the presence of microparticles, consistent with an increase in surface area, as well as improved flow of electrons and electrolyte through the film (see scheme in Fig. 1 ).
In Fig. 4b , c, the effect of scan rate is compared with/without carbon microparticles and further important effects are observed. In the 4B-TEMPO-PIM-EA-TB film (Fig. 4b) , a reversible oxidation-reduction redox process is seen at ca. E mid =+0.63 V versus SCE. The charge under the oxidation and the reduction peaks is scan rate dependent with a decrease observed at a faster scan rate. The double logarithmic plot of estimated peak charge versus scan rate in Fig. 4b shows a slope of approximately −1/2, which is consistent with a diffusion-controlled charge transport process within the 4B-TEMPO-PIM-EA-TB film. In contrast, a similar plot of data for the 4B-TEMPO-PIM-EA-TB-carbon microparticle film shows a transition from semi-infinite diffusion to thin film behaviour (finite diffusion or complete film electrolysis) at a scan rate of approximately v trans =20 mV s −1 (Fig. 4c) . The approximate Btransition time^for complete electrolysis in this film is therefore given by dimensional analysis as τ ¼ RT v trans F ≈ 1s (with the gas constant, R; the absolute temperature, T; the Faraday constant, F; the film thickness, δ; and the charge diffusion coefficient, D). Transport of charges in the film may be dominated either by inter-molecular hopping of electrons (starting at the electrode surface) or by ion diffusion (from the solution phase).
The transport of charges in the composite film is likely to be complicated in particular with the amount of 4B-TEMPO in the film affecting the overall mechanism of the process. Assuming a diffusion-dominated charge propagation mechanism, it is possible to estimate the apparent diffusion coefficient from τ ¼ δ 2 πD as D≈10 −15 m 2 s −1 (based on δ≈50 nm, see Fig. 2 ), which is consistent with typical charge hopping processes [36] . This rate of charge hopping is considerably slower when compared to substrate diffusion in the film and therefore one of the ratelimiting factors in the catalytic reaction (vide infra).
Further complexity in the charge transport is revealed in chronoamperometry data (Fig. 5 ). The applied potential was initially stepped up to an oxidation potential of +0.9 V versus SCE followed by a step down to 0.0 V versus SCE. Without 4B-TEMPO (trace i), only short charging currents are recorded. With 0.75 μg 4B-TEMPO immobilised, oxidation of 4B-TEMPO occurs within a couple of seconds. The backreduction appears to be somewhat faster (see trace ii) and associated with less charge. For 7.5 μg 4B-TEMPO immobilised in 7.5 μg PIM-EA-TB (see trace iii), the oxidation appears to be slower, but the back-reduction again occurs within a 1-s period and with a shape more typical of a moving reaction boundary than that of a Cottrellian diffusion process. The excess anodic current (also visible as background anodic current in cyclic voltammetry data, see Fig. 4 ) and asymmetry in oxidation and reduction rate for high loadings are currently not fully understood, but the 4B-TEMPO oxidation response appears chemically reversible and stable enough for electrocatalytic processes to be driven. The role of the PIM-EA-TB host film in the transport of cations, anions and reagents will require further more quantitative study. ) for 0.75 μg 4B-TEMPO. Inset shows peak charge versus scan rate. c As before for 7.5 μg 4B-TEMPO. Inset shows peak charge versus scan rate 
Reactivity of 4B-TEMPO Embedded in PIM-EA-TB/Carbon Microsphere Films II.: Glucose Oxidation
The oxidation of glucose can serve as an important model system to assess the electrocatalytic activity of immobilised 4B-TEMPO. In a recent study, it has been shown that this process is feasible, but it occurred only with relatively low catalytic efficiency [33] . Here the effect of introducing the glassy carbon microparticles on the electrocatalytic current is investigated.
First the effect of pH on 4B-TEMPO is studied. Figure 6a shows typical cyclic voltammetry data and a decrease in peak current when changing the pH of the carbonate buffer from 9.3 to 10.3 and to 11.3. This trend could be due to the pH affecting the charge transport. It is known that TEMPO catalysts in a homogeneous solution produce higher catalytic currents in more alkaline conditions; however, when immobilised, additional detrimental effects are possible. This is demonstrated in Fig. 6d where the effect of glucose concentration and pH is summarised. The plot shows a typical increase in catalytic current (see Fig. 6c ) with glucose concentration but also a loss of activity when the solution is too alkaline. This can be attributed to either slower charge transport or loss of catalyst due to side reactions as suggested by Green et al. [18] . A solution pH of 10.3 appears to be a good compromise and is therefore used for most of the experiments performed in this study.
The effect of adding carbon microparticles into the catalyst film is significant with typically an order of magnitude increase in glucose oxidation current. The additional effect of ionic strength is demonstrated in Fig. 6b, e . Charge transport appears impeded with increasing ionic strength (or buffer concentration) possibly due to the higher concentration of CO 3 2− dianion in the catalyst film affecting charge hopping rates. Measurements in the presence of glucose suggest that a good compromise is reached at 0.1 M carbonate buffer. The effect of the glucose concentration on the catalytic current appears to be similar under all conditions, suggesting a Bsaturation^of the reactive film and switch to zeroth-order kinetics at a substrate concentration higher than 16 mM (vide infra). Next, the effect of the 4B-TEMPO concentration in the catalytic film is investigated. Figure 7 shows that increasing the amount of 4B-TEMPO by 10 times (with the amount of PIM-EA-TB and carbon microparticles fixed) increases both the Faradaic current in the absence of glucose (Fig. 7a ) and the catalytic current in the presence of glucose (Fig. 7b) significantly. The amount of 4B-TEMPO in the film is therefore effective in increasing the catalytic current. Reducing the amount of PIM-EA-TB (with a 3) with 7.5 μg PIM-EA-TB and 180 μg carbon microparticles and with (i) 0.75 μg 4B-TEMPO and (ii) 7.5 μg 4B-TEMPO at a 3-mm-diameter glassy carbon electrode. b As above but with 16 mM glucose. c As above but with 0 mM glucose, with 7.5 μg 4B-TEMPO and with (i) 12.7, (ii) 7.5, (iii) 3.7 and (iv) 1.9 μg PIM-EA-TB. d As above but with 16 mM glucose. e Plot of the peak current versus 4B-TEMPO/PIM-EA-TB mass ratio indicating that a lower 4B-TEMPO concentration lowers the catalytic efficiency fixed amount of 4B-TEMPO and carbon microparticles in the film) has a less dramatic effect. Catalytic glucose oxidation currents can be increased with lower PIM-EA-TB loading (Fig. 7c) , but the electrode also becomes unstable probably due to the absence of a sufficiently rigid PIM framework and loss of catalyst due to crystallisation or leaching out into the solution phase. A 4B-TEMPO/PIM-EA-TB mass ratio of approximately 1:1 results in stable currents and therefore a good compromise.
Reactivity of 4B-TEMPO Embedded in PIM-EA-TB/Carbon Microsphere Films III.: Primary Alcohol Oxidation Figure 8a shows cyclic voltammograms in the presence of different types of primary alcohols: (i) 4 mM ethanol, (ii) 4 mM glucose, (iii) 4 mM 3-pyridinemethanol and (iv) 4 mM benzyl alcohol. The catalytic current changes significantly depending on the chemical identity of the substrate used indicating that the rate-limiting process here has to do with the properties of the substrate and the kinetics of the catalytic reaction step. The plot in Fig. 8b shows that for all substrates a transition from first order to zeroth order in substrate reaction order occurs when going from low to high substrate concentrations. The concentration where the switch occurs is close to 1 mM for ethanol but much higher for benzyl alcohol. The fact that the switch occurs can be explained based on competition of charge transport and catalytic reaction rate (vide infra) and changes for individual substrate molecules suggest an effect based on the chemical reaction rate rather than based solely on transport effects and/or local pH.
The plot in Fig. 8c demonstrates that for most substrates in good approximation, a square root dependence of the peak current on the substrate concentration is observed, which can be interpreted based on a model introduced by Albery and Hillman [3] to dissect the mechanistic cases for a thin filmimmobilised catalyst and partitioning of the substrate. The square root dependence of the current on substrate is indicative of a process that is governed by competing charge diffusion in the catalyst film and the chemical rate of the catalytic reaction. The transport of the partitioned substrate towards the reaction zone is fast and not rate limiting. As a result of this, the process occurs at the interface of the thin film catalyst and the electrode surface (denoted BLEk^case [3] ) with a current that is dependent on the square root of the substrate bulk concentration as well as on the square root of the secondorder rate constant for the catalyst reacting with the substrate.
A further important rate-limiting factor could be the partition coefficient of the substrate into the PIM-EA-TB catalyst film, which can be correlated directly to the octanol-water with the DFT kinetic activation barrier E A ) versus logP OW partition coefficients. A plot of the catalytic current with substrate concentrations fixed at 4 mM versus the logarithmic octanol-water partition coefficient (see Fig. 8d ) shows a clear correlation in particular for a given class of substrates such as the n-alkyl alcohols. However, the distinct reactivity of different primary alcohols causes a considerable spread of data points. In order to better reveal the PIM-EA-TB host effect, the approximate activation barrier for the 4B-TEMPO + reaction with primary alcohols has been calculated by DFT methods (see BExperimental Details^). This then allows catalytic peak currents to be normalised to minimise the effect of the bimolecular rate constant (for this catalytic caseBLEk^-and only in first approximation, normalisation can be achieved by dividing the peak current by the square root of the Arrhenius factor exp −E A RT , see Table 1 ). The resulting plot in Fig. 8e shows a systematic effect of the logP OW (or hydrophobicity) of the substrate on the electrocatalytic currents. It can therefore be assumed that partitioning of the substrate into the PIM-EA-TB host occurs thereby increasing locally the substrate concentration and selectively enhancing the electrocatalytic process.
Conclusion
It has been shown that a PIM-EA-TB composite with glassy carbon microparticles can be employed as a three-dimensional electrode with good access of solution phase and substrate to the active catalyst site. In this case, a 4-benzoyloxy-TEMPO catalyst was employed to study the oxidation of primary alcohols to aldehydes in a carbonate buffer at pH 10.3, and novel reactivity patterns were observed. Catalytic activity followed the analytical model consistent with the substrate reacting near the electrode-film interface. Factors that limit the catalytic process in the film were identified as the kinetic rate constant of catalysis, partitioning of the substrate into the film and the substrate concentration. The concentration of the catalyst and the rate of electrochemical charge hopping were assumed to be constant and independent of the substrates present. Removal of the effect of the catalytic rate constant (here estimated with an appropriate DFT model) allowed a clear demonstration of the PIM-EA-TB film selectivity towards hydrophobic substrates.
